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ABSTRACT:  Data  from  both  cross-sectional  and  longitu¬ 
dinal  studies  provide  compelling  evidence  that  circulat¬ 
ing  blood  volume  can  be  influenced  by  regular  physical 
activity  or  inactivity.  Expansion  or  contraction  of  plasma 
volume  can  account  for  most  of  the  alteration  in  circu¬ 
lating  blood  volume  during  the  initial  1  to  2  weeks  of 
changing  physical  activity  patterns;  after  this  time,  al¬ 
tered  blood  volume  may  be  distributed  equally  between 
plasma  and  red  cell  volumes.  Alterations  in  circulating 
blood  volume  that  accompany  changes  in  physical  activity 
represent  a  net  change  in  total  body  water  and  solutes  that 
are  associated  with  increased  or  decreased  water  intake 
and  urine  volume  and  solute  output.  The  mechanism  of 
altered  urine  output  appears  to  be  a  modified  renal  tubular 
reabsorption  of  sodium.  The  expansion  of  blood  volume 
that  accompanies  physical  activity  provides  advantages  of 


There  is  compelling  evidence  in  the  scientific  lit¬ 
erature  that  the  level  and  regularity  of  physical 
activity  has  a  significant  impact  on  the  regulation  of 
circulating  blood  volume.  Historically,  an  emphasis 
has  been  placed  on  the  study  of  responses  and  mech¬ 
anisms  underlying  adaptations  of  blood  volume  as¬ 
sociated  with  increasing  physical  activity  through 
exposure  to  exercise.  However,  less  attention  has 
been  given  to  the  lower  end  of  the  activity  contin¬ 
uum,  that  is,  the  deconditioning  induced  by  chroni¬ 
cally  reduced  activity  and  its  implications  for  health 
and  rehabilitation  in  diseased  patients.  Since  blood 
volume  plays  an  important  role  in  mechanisms  that 
dictate  cardiovascular  function(s),  it  is  not  unex¬ 
pected  that  individuals  who  undergo  regular  physi¬ 
cal  activity  generally  have  larger  blood  volumes  and 
benefit  from  greater  physiological  capacities  com¬ 
pared  with  more  sedentary  people.  Such  hypotheses 
have  motivated  numerous  investigators  to  conduct 
studies  aimed  at  providing  a  better  understanding 
about  the  relation  between  blood  volume  and  phys¬ 
ical  activity  or  inactivity.  The  purpose  of  this  report 
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greater  body  fluid  for  heat  dissipation  (sweating)  and  ther¬ 
moregulatory  stability  as  well  as  larger  vascular  volume  for 
greater  cardiac  filling  and  stroke  volume  and  cardiovascu¬ 
lar  stability  during  exercise  and  orthostatic  challenges.  The 
opposite  is  true  when  blood  volume  is  reduced  during 
periods  of  relative  physical  inactivity.  The  observation  that 
underlying  mechanisms  for  alteration  in  blood  volume 
with  physical  activity  and  inactivity  are  similar  but  respond 
directly  opposite  suggests  that  they  are  intricately  related. 
These  relations  have  implications  as  to  a  mechanism  by 
which  physical  activity  and  fitness  may  be  protective 
against  reduced  blood  volume  and  subsequent  develop¬ 
ment  of  cardiovascular  disease  associated  with  aging.  KEY 
INDEXING  TERMS:  Physical  fitness;  Cardiovascular;  Ther¬ 
moregulation;  Exercise;  Bed  rest.  [Am  J  Med  Sci  2007; 
334(1  ):72-79.] 


is  to  describe  our  current  knowledge  about  the  rela¬ 
tion  between  blood  volume  and  physical  activity, 
underlying  mechanisms  for  alterations  in  blood  vol¬ 
ume  with  changes  in  physical  activity,  and  physio¬ 
logical  advantages  and  clinical  implications  of  main¬ 
taining  an  active  life  style.  A  review  is  presented 
that  focuses  on  mechanisms  of  blood  volume  regula¬ 
tion,  with  an  emphasis  on  responses  to  regular  ex¬ 
ercise  as  a  model  of  elevated  physical  activity  and 
chronic  exposure  to  bed  rest  as  a  model  of  reduced 
physical  activity. 

Relation  of  Blood  Volume  to  Physical  Activity 

The  association  of  expanded  blood  volume  with 
physical  activity  was  initially  reported  more  than  50 
years  ago  when  average  blood  volumes  of  90  mL/kg 
measured  in  8  exercised-trained  women  and  14  exer¬ 
cise-trained  men  were  compared  with  average  blood 
volumes  of  only  62  to  75  mL/kg  in  92  nontrained 
women  and  174  nontrained  men.1  Average  blood  vol¬ 
umes  were  even  higher  in  23  men  (103  mL/kg)  who 
were  trained  for  competitive  sports.  Similar  results 
have  been  reported  in  subsequent  investigations.2-3 
In  more  recent  studies,  high  correlations  have  been 
reported  between  aerobic  capacity  or  maximal  oxygen 
uptake  (V 02max)  as  a  marker  of  physical  activity  and 
blood  volume  (Figure  l).4-6  Thus,  cross-sectional  com¬ 
parisons  clearly  demonstrate  that  athletes  and 
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Blood  Volume  and  Physical  Activity 


Blood  Volume,  ml-kg-1 

Figure  1.  Cross-sectional  relation  between  total  blood  volume 
and  maximal  oxygen  uptake  (V02max)  in  97  male  subjects.  First- 
order  correlation  coefficient  is  0.78  and  linear  regression  of  best 
fit  isV02max  =  0.66  (blood  volume)  -  2.51.  Modified  from  Con- 
vertino  (1991). 


individuals  who  perform  regular  physical  activity 
can  exhibit  20%  to  25%  larger  blood  volume  than 
more  sedentary  subjects,  a  finding  that  is  evident 
in  both  women  and  men1  and  appears  independent 
of  age.4 

Changes  in  Blood  Volume  Associated 
With  Physical  Activity 

Increased  Physical  Activity:  Exercise 

It  is  important  to  appreciate  that  although  cross- 
sectional  comparisons  provide  some  direction  as  to 
the  underlying  differences  in  blood  volume  between 
individuals  who  are  physically  active  or  sedentary, 
they  fail  to  isolate  the  direct  effects  of  physical 
activity  from  factors  influenced  by  genetic  endow¬ 
ment.  Thus,  demonstrating  a  cause-effect  relation 
between  blood  volume  and  active  life  styles  requires 
the  use  of  longitudinal  studies  to  examine  changes 
before  and  after  alterations  of  physical  activity  in 
the  same  individuals.  Figure  2  presents  a  hypothe¬ 
sized  time  course  relation  (drawn  lines)  for  changes 
in  blood,  plasma,  and  red  cell  volumes  during  exer¬ 
cise  training  based  on  a  compilation  of  longitudinal 
studies  from  the  literature.4’7  The  striking  rate  at 
which  exercise-induced  blood  volume  expansion  (hy¬ 
pervolemia)  occurs  is  demonstrated  by  the  observa¬ 
tion  that  just  one  exposure  to  an  exercise  bout  can 
increase  blood  volume  by  as  much  as  10%  to  12% 
within  24  hours.8-10  Training-induced  hypervolemia 
then  appears  to  reach  a  plateau  at  around  10  to  14 
days  of  training.  Up  to  this  time,  virtually  all  of  the 
blood  volume  expansion  can  be  explained  by  in¬ 
creased  plasma  volume  with  virtually  no  change  in 
red  cell  mass.  As  the  duration  of  training  continues 
beyond  2  to  4  weeks,  the  increase  in  blood  volume  is 


Days  of  Physical  Activity 

Figure  2.  Estimated  time  course  of  relative  change  (%A)  in  blood 
volume  (closed  circles),  plasma  volume  (open  circles),  and  eryth¬ 
rocyte  volume  (open  squares)  during  adaptation  to  regular  phys¬ 
ical  activity  (eg,  exercise  training).  Each  point  represents  the 
average  change  reported  in  a  group  of  subjects  from  one  investi¬ 
gation.  Data  were  extracted  from  18  independent  investigations 
in  which  all  three  vascular  volumes  were  reported.  Modified  from 
Sawka  et  al  (2000). 


distributed  more  equally  between  increases  in  the 
plasma  volume  and  the  red  cell  mass.  Clearly,  phys¬ 
ical  exercise  provides  a  fundamental  stimulus  to 
mechanisms  that  regulate  the  expansion  of  blood 
volume.  Although  increased  exercise  capacity  was 
associated  with  elevated  hemoglobin  and  red  blood 
cell  volume  in  chronic  heart  failure  patients  receiving 
erythropoietin,11  exercise  training  failed  to  increase 
erythropoietin  and  2,3-DPG  in  healthy  subjects12. 
Therefore,  less  is  known  regarding  the  mechanisms 
underlying  red  blood  cell  adaptation  to  physical  activ¬ 
ity  levels  in  the  absence  of  longitudinal  studies  specif¬ 
ically  designed  to  investigate  the  dynamics  and  inter¬ 
action  of  acute  and  chronic  exercise  and  circulating  red 
blood  cells.  Consequently,  the  remainder  of  this  review 
will  emphasize  the  characteristics  and  mechanisms  of 
alterations  in  plasma  volume  associated  with  chang¬ 
ing  physical  activity. 

Reduced  Physical  Activity:  Bed  Rest 

If  increased  physical  activity  associated  with  reg¬ 
ular  exercise  results  in  hypervolemia,  it  follows  that 
a  decrease  in  physical  activity  should  produce  lower 
blood  volume  (hypovolemia).  This  is  clearly  demon¬ 
strated  by  the  observation  that  trained  athletes  who 
are  normally  involved  in  intense  repeated  physical 
activity  demonstrate  significant  reduction  in  circu¬ 
lating  blood  volume  within  10  days  of  the  cessation 
of  their  training  schedule.13  In  addition,  confine¬ 
ment  of  healthy  human  subjects  to  bed  rest  has 
provided  an  excellent  clinical  model  for  reduction  in 
physical  activity  without  the  confounding  effects  of 
disease.  A  review  of  numerous  investigations  from 
the  literature  reveals  that  chronic  restriction  of 
physical  activity  resulting  from  confinement  to  bed 
rest  caused  significant  decreases  in  plasma  and 
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Figure  3.  Relation  between  percent  change  (%A)  inV02max  on 
%A  in  plasma  volume  after  bed  rest.  Data  were  obtained  from  15 
different  experimental  groups  during  12  independent  investiga¬ 
tions.  The  linear  regression  equation  is  %/Sr02max  =  +0.3  +  0.82 
[%APV];  r  =  0.84.  Modified  from  Convertino  (1997). 


blood  volume  by  10%  to  30%,  most  of  which  is  estab¬ 
lished  within  the  initial  24  to  72  hours  of  confine¬ 
ment.14  The  notion  that  a  reduction  in  blood  volume 
during  bed  rest  was  caused  by  restricted  physical 
activity  is  supported  by  3  fundamental  observations: 
1)  a  significant  correlation  exists  between  the  rela¬ 
tive  (%)  reduction  in  plasma  volume  and  relative 
decrease  in  fitness  level  as  measured  by  V02max 
(Figure  3)14;  2)  the  time  courses  for  the  relative 
reductions  in  plasma  volume  and  V02max  with  bed 
rest  confinement  are  similar  (Figure  4)15;  and  3) 
plasma  and  blood  volume  have  been  maintained  in 
healthy  subjects  during  confinement  to  bed  rest 
when  daily  exercise  is  performed  while  remaining  in 
the  supine  posture.15 


Bed  rest  inactivity,  days 

Figure  4.  Time  course  of  percent  change  (%A)  in  maximal  oxygen 
uptake  (solid  line)  and  plasma  volume  (broken  line)  in  5  subjects 
during  bed  rest  inactivity.  Modified  from  Greenleaf  et  al  (1989). 


Mechanisms  of  Blood  Volume  Regulation  With 
Changing  Levels  of  Physical  Activity 

Increased  Physical  Activity:  Exercise 

Increased  physical  activity  provides  the  stimulus 
for  action  of  several  mechanisms  that  promote  the 
expansion  of  plasma  and  blood  volume.  During  ex¬ 
ercise,  plasma  volume  is  acutely  reduced  proportion¬ 
ate  to  metabolic  and/or  thermal  demands.16  The 
resulting  loss  in  circulating  volume  is  accompanied 
by  increased  electrolyte  concentrations  and  osmola¬ 
lity  that  initiate  the  activation  of  the  renin-angio¬ 
tensin-aldosterone  cascade  and  the  antidiuretic  hor¬ 
mone  vasopressin.16  These  endocrine  responses  are 
accompanied  by  increased  renal  water  and  sodium 
retention,  which  in  turn  is  associated  with  as  much 
as  a  20%  reduction  in  the  total  urine  output  during 
the  24  hours  of  recovery  after  exercise.4  There  is  no 
change  in  glomerular  filtration  rate  after  exercise,4 
suggesting  that  the  mechanism  of  reduced  urine 
excretion  with  physical  activity  must  be  postglo- 
merular.  Since  free  water  clearance  is  actually  more 
positive  during  physical  activity,  it  is  unlikely  that 
vasopressin  action  on  renal  tubular  water  reabsorp¬ 
tion  can  explain  decreased  urine  output.17  However, 
physical  activity  reduces  renal  osmotic  clearance 
mainly  as  a  result  of  a  50%  reduction  in  the  clear¬ 
ance  of  sodium.4  Thus,  a  primary  renal  mechanism 
for  increasing  water  retention  and  expanding  body 
water  initiated  by  physical  activity  involves  an  en¬ 
hanced  capacity  for  renal  tubular  sodium  reabsorp¬ 
tion.  This  notion  is  supported  by  the  observation 
that  introduction  of  an  aldosterone  antagonist  (spi¬ 
ronolactone)  during  exercise  inhibits  the  normal  ex¬ 
pansion  of  plasma  and  blood  volume  as  observed  in 
a  control  group  (no  drug  treatment).18  These  data 
suggest  that  an  aldosterone-sodium  retention  mech¬ 
anism  is  an  important  factor  in  an  expanded  blood 
volume  stimulated  by  physical  activity.  Since  there 
is  no  change  in  24-hour  resting  plasma  aldosterone 
levels,19  enhanced  renal  tubular  sodium  reabsorp¬ 
tion  may  represent  an  increase  in  the  sensitivity  of 
receptors  to  aldosterone  as  an  adaptation  to  physical 
activity. 

For  an  expansion  of  plasma  and  blood  volume  to 
occur,  there  must  be  mechanisms  stimulated  by 
physical  activity  that  enhance  water  replacement 
(intake)  in  addition  to  reduced  excretion  (output). 
The  24-hour  water  intake  after  exercise  exceeds  that 
of  the  sweat  loss  incurred  during  exercise,  suggest¬ 
ing  that  mechanisms  underlying  the  stimulation  of 
thirst  contribute  significantly  to  the  chronic  expan¬ 
sion  of  body  water  during  adaptation  to  physical 
activity.4  It  is  clear  that  oral  fluid  replacement,  in 
addition  to  renal  actions  that  attenuate  renal  urine 
excretion,  represents  a  fundamental  mechanism 
that  contributes  to  an  increased  body  water  balance 
and  subsequent  blood  volume  expansion  associated 
with  physical  activity. 
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In  the  face  of  increased  fluid  intake  and  renal  reten¬ 
tion  of  water  and  electrolytes,  elevated  intravascular 
pressures  resulting  from  increased  volume  would  ini¬ 
tiate  transport  of  fluids  across  capillary  membranes 
out  of  the  vascular  space  in  the  absence  of  a  counter 
force.  Since  capillary  membranes  are  relatively  perme¬ 
able  to  plasma  electrolytes,  increased  total  circulating 
protein  represents  the  primary  mechanism  for  osmotic 
compartmentalization  of  fluid  volume  in  the  vascular 
space  by  increasing  the  oncotic  pressure  across  capil¬ 
lary  membranes.  Since  each  gram  of  circulating 
plasma  protein  binds  14  to  15  mL  of  water,  an  increase 
in  total  circulating  plasma  protein  would  act  to  hold 
water  in  the  vascular  space  and  subsequently  expand 
blood  volume.  In  fact,  there  appears  to  be  2  phases  of 
increased  circulating  plasma  protein  induced  by  phys¬ 
ical  activity.  The  initial  phase  occurs  early  after  exer¬ 
cise  and  involves  a  transient  protein  and  fluid  shift 
from  the  interstitium  into  the  vascular  space.4  As 
physical  activity  continues  for  days,  weeks,  and 
months,  a  chronic  hypervolemia  develops  that  is  asso¬ 
ciated  with  an  increase  in  total  body  water.4  Indeed, 
plasma  expansion  with  increased  physical  activity  is 
accompanied  by  proportionate  increases  in  the  total 
circulating  protein,4-20’21  as  supported  by  the  observa¬ 
tion  that  plasma  protein  concentration  is  similar  in 
athletes  and  nonathletes  and  unaltered  by  exercise 
training.418’20’21  The  fact  that  total  body  water  is 
chronically  increased  with  regular  physical  activity 
without  alterations  in  protein  concentrations  provides 
evidence  that  the  mechanism  for  increased  total  circu¬ 
lating  plasma  proteins  probably  involves  de  novo  syn¬ 
thesis.4 

Despite  increased  water  and  electrolyte  retention 
and  circulating  proteins,  it  is  difficult  to  envision 
that  the  fluid  volume  within  a  given  vascular  space 
could  increase  without  volume/pressure  receptors 
providing  feedback  to  promote  volume  excretion  and 
maintain  blood  volume  at  its  normal  baseline  level. 
Physical  activity  does  not  alter  either  arterial  pressure 
or  total  vascular  capacitance,4  so  central  venous  pres¬ 
sure  (CVP)  becomes  elevated.  Although  elevated  CVP 
usually  stimulates  diuresis  and  prevents  volume  ex¬ 
pansion,  subjects  who  increase  their  activity  level 
maintain  an  expanded  blood  volume  despite  a  higher 
CVP.  Thus,  blood  volume  expansion  that  accompanies 
increased  physical  activity  relies  on  a  resetting  of  CVP 
to  a  higher  operational  range22  that  allows  greater 
intravascular  volume  without  stimulating  a  feedback 
diuresis. 

Thus,  the  mechanisms  underlying  the  increased 
blood  volume  that  accompanies  physical  activity  in¬ 
clude  increased  thirst,  reduced  urine  water  and  elec¬ 
trolyte  excretion,  greater  total  circulating  plasma 
proteins,  and  elevated  CVP. 

Reduced  Physical  Activity:  Bed  Rest 

In  the  same  manner  that  increased  physical  activ¬ 
ity  promotes  blood  volume  expansion  by  stimulation 


of  mechanisms  underlying  increased  thirst,  reduced 
urine  water  and  electrolyte  excretion,  greater  total 
circulating  plasma  proteins,  and  elevated  CVP,  the 
stimulus  is  withdrawn  with  inactivity.  The  role  of 
physical  activity  as  a  primary  stimulus  in  maintain¬ 
ing  an  expanded  intravascular  volume  is  under¬ 
scored  by  the  demonstration  that  the  termination  of 
exercise  training  results  in  the  reduction  of  total 
circulating  solutes,  proteins,  and  blood  volume. 4-13-21 
Consequently,  lowered  physical  activity  is  accompa¬ 
nied  by  an  absence  of  change  in  plasma  electrolyte 
concentrations  and  osmolality  with  a  subsequent 
inactivation  of  the  renin-angiotensin-aldosterone 
cascade  and  vasopressin  compared  to  normal  ambu¬ 
latory  activity.  When  inactivity  is  associated  with 
bed  rest,  aldosterone  and  vasopressin  are  acutely 
decreased.23  These  endocrine  responses  are  accom¬ 
panied  by  an  acute  increase  in  total  urine  and  so¬ 
dium  excretion  (diuresis  and  natriuresis)  within  the 
initial  24  to  48  hours  of  confinement  without  alter¬ 
ing  thirst  and  fluid  intake.23’24  Similar  to  renal  re¬ 
sponses  to  exercise,  there  is  no  change  in  glomerular 
filtration  rate  associated  with  inactivity,23’25’26  again 
suggesting  that  the  mechanism  of  increased  urine 
and  sodium  excretion  must  be  a  postglomerular  re¬ 
sponse.  Since  free  water  clearance  is  actually  re¬ 
duced  (ie,  more  negative)  with  inactivity,  an  antidi¬ 
uretic  action  associated  with  vasopressin  cannot 
account  for  increased  urine  output.23-24  However, 
inactivity  increases  renal  sodium  clearance23-25  and 
total  sodium  excretion,25  suggesting  that  reduced 
capacity  for  renal  tubular  sodium  reabsorption  rep¬ 
resents  a  primary  renal  mechanism  for  the  reduc¬ 
tion  in  water  retention  and  the  subsequent  contrac¬ 
tion  of  blood  volume.  This  notion  is  supported  by  the 
observation  that  infusion  of  aldosterone  after  a  pe¬ 
riod  of  inactivity  in  monkeys  was  associated  with 
less  renal  retention  of  sodium  and  osmotic  solutes 
compared  with  a  no  drug  control.25  These  data  rein¬ 
force  the  concept  that  a  renal  tubular  aldosterone- 
sodium  retention  mechanism  contributes  signifi¬ 
cantly  to  the  regulation  of  blood  volume  during  both 
physical  activity  and  inactivity. 

As  a  result  of  less  renal  retention  of  both  water 
and  electrolytes  during  inactivity,  blood  volume  is 
reduced  without  alterations  in  plasma  electrolyte 
and  protein  concentrations.23’25  However,  a  reduc¬ 
tion  in  CVP  accompanies  the  contracted  intravascu¬ 
lar  volume  with  inactivity.23’26’27  A  lower  CVP  would 
normally  provide  a  feedback  stimulus  to  cardiopul¬ 
monary  baroreceptors  and  lead  to  the  activation  of 
neurohumoral  mechanisms  (eg,  elevated  aldoste¬ 
rone  and  vasopressin)  designed  to  restore  volume.  In 
contrast  to  the  response  to  physical  activity,  individ¬ 
uals  who  become  less  active  maintain  a  smaller 
blood  volume  despite  a  lower  CVP  because  of  a 
resetting  of  CVP  to  a  lower  operating  range,  result¬ 
ing  in  the  regulation  of  intravascular  volume  at  a 
new,  contracted  level. 
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Thus,  opposite  to  those  effects  induced  by  in¬ 
creased  physical  activity,  the  mechanisms  underly¬ 
ing  decreased  blood  volume  that  accompanies  physical 
inactivity  include  an  acute  inhibition  of  aldosterone 
leading  to  less  renal  tubular  sodium  and  water  reten¬ 
tion  and  greater  urine  and  electrolyte  excretion,  re¬ 
duced  total  circulating  plasma  proteins,  and  a  lower 
operating  range  for  CVP. 


Functional  Implications  of  Physical  Activity, 
Inactivity,  and  Blood  Volume 

Functional  Advantages  of  Increased  Physical 
Activity 

Several  longitudinal  studies  have  demonstrated 
that  hypervolemia  associated  with  increased  physi¬ 
cal  activity  is  related  to  increased  sweat  rate  and 
evaporative  cooling  during  exercise.4’19-21  Since  an 
expanded  blood  volume  associated  with  increased 
physical  activity  reflects  an  increase  in  total  body 
water,4  more  interstitial  fluid  is  available  to  the 
sweat  glands  to  provide  water  to  the  skin  surface  for 
evaporative  cooling  as  well  as  greater  vascular  vol¬ 
ume  to  provide  optimal  skin  blood  flow  to  enhance 
conductive  heat  exchange.  Various  methods  includ¬ 
ing  hypohydration,28’29  hyperhydration,28’30  saline 
infusion,31’32  and  albumin  infusion33’34  have  been 
used  to  compare  temperature  regulation  at  different 
blood  volumes  during  physical  activity  to  determine 
if  this  relation  was  causal.  In  all  cases,  a  reduction 
in  blood  volume  or  restriction  of  fluid  intake  resulted 
in  higher  core  temperature  during  physical  activity, 
particularly  in  the  heat.  Regular  physical  activity 
can  promote  increased  recruitment  and  sensitivity 
of  sweat  glands.35  However,  enhanced  heat  dissipa¬ 
tion  associated  with  hypervolemia  clearly  demon¬ 
strates  the  contribution  of  intravascular  volume  to 
both  increased  sweating28’30’32  and  greater  skin 
blood  flow30-32  during  physical  activity.  Therefore, 
regular  physical  activity  is  associated  with  greater 
thermoregulatory  stability,  that  is,  lower  body  core 
temperature,  during  physical  work  at  the  same  in¬ 
tensity. 

In  addition  to  thermoregulatory  advantages,  ex¬ 
panded  blood  volume  is  associated  with  reduced 
heart  rate4-20’21’36  and  elevated  stroke  volume13-37 
when  individuals  participate  in  physical  activity  of 
the  same  intensity.  The  most  likely  explanation  for 
the  effects  of  hypervolemia  on  increased  stroke  vol¬ 
ume  and  reduced  heart  rate  during  physical  work  is 
a  Frank-Starling  effect.  Acute  expansion  of  blood 
volume  by  intravenous  infusion  of  dextran,38  albu¬ 
min,39  or  whole  blood33  produced  increased  cardiac 
stroke  volume  during  physical  activity  but  main¬ 
tained  cardiac  output  with  a  lower  heart  rate. 

Figure  5  presents  data  obtained  from  8  men  who 
performed  cycling  activity  for  2  hours  each  day  for  8 
consecutive  days  at  an  intensity  of  approximately 
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Figure  5.  Relations  between  the  percent  increase  (%A)  in  plasma 
volume  (PV)  and  the  percent  increase  in  sweat  rate  (top  panel)  and 
percent  reduction  in  heart  rate  at  65%  of  maximal  oxygen  uptake 
(HR,  bottom  panel)  with  adaptation  at  4  days  (open  circles)  and  8 
days  (closed  circles)  of  increased  physical  activity  through  exercise 
training.  Linear  regressions  are  %A  sweat  rate  =  2.01  [%APV]  - 
5/22;  r  =  0.93  and  %A  HR  =  -0.97  [%APV]  +  0.26;  r  =  -0.89. 
Modified  from  Convertino  (1991). 


65%  of  their  maximal  exercise  capacity.4’36  The  anal¬ 
ysis  demonstrates  the  close  relations  between  the 
increase  in  intravascular  volume  caused  by  in¬ 
creased  physical  activity  (exercise  training)  and  the 
ability  of  an  individual  to  perform  equal  intensities 
of  physical  work  with  greater  sweating  and  lower 
heart  rate.  These  relations  support  the  notion  that 
expanded  blood  volume  resulting  from  regular  phys¬ 
ical  activity  provides  protection  against  thermoreg¬ 
ulatory  and  cardiovascular  instability  that  could 
compromise  the  performance  and  well-being  of  indi¬ 
viduals  undergoing  physiological  stress. 

Functional  Disadvantages  of  Physical  Inactivity 

Opposite  to  the  observations  reported  from  inves¬ 
tigations  on  expanded  blood  volume  with  increased 
physical  activity,  a  reduction  in  plasma  and  blood 
volume  is  associated  with  compromised  thermoreg¬ 
ulatory  capacities.7  The  reduction  in  circulating 
blood  volume  after  14  days  of  bed  rest  inactivity  was 
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accompanied  by  increased  body  heat  storage  during 
cycle  exercise  (45%V02max)  at  22°C  ambient  tem¬ 
perature  as  indicated  by  excessive  elevation  in  rectal 
temperature  and  a  decrease  in  sweat  rate  for  the 
same  core  temperature  stimulus.40  Thus,  decreased 
blood  volume  with  inactivity  can  be  associated  with 
impairment  in  thermoregulation  that  could  exacer¬ 
bate  heat  stress  in  sedentary  individuals  during 
performance  of  physical  work. 

Perhaps  the  most  studied  impact  of  reduced  blood 
volume  associated  with  inactivity  is  impaired  car¬ 
diovascular  function.  The  most  pronounced  clinical 
outcomes  of  hypovolemia  due  to  inactivity  are  lower 
maximal  functional  capacity  of  the  cardiovascular 
system  (eg,  reduced  V02max)  and  orthostatic  intol¬ 
erance.  Although  several  mechanisms  contribute, 
there  is  compelling  evidence  that  the  most  important 
factors  underlying  cardiovascular  compromise  after 
inactivity  is  the  central  circulatory  effect  of  reduced 
blood  volume  on  cardiac  filling  and  output.13’14’41 

Patients  who  have  been  restricted  to  the  inactivity 
of  bed  rest  routinely  develop  orthostatic  hypotension 
or  frank  syncope  during  their  initial  attempt  at 
reambulation.  Among  contributing  mechanisms, 
this  orthostatic  intolerance  secondary  to  bed  rest 
inactivity  is  accompanied  by  reduced  circulating 
blood  volume  and  manifested  by  lower  cardiac  out¬ 
put  (central  hemodynamics)  and  vasoconstrictor  re¬ 
serve  (peripheral  hemodynamics).41  These  cardio¬ 
vascular  deconditioning  effects  of  bed  rest  inactivity 
are  independent  of  any  disease  state.  The  impor¬ 
tance  of  physical  activity  on  reversing  the  effects  of 
inactivity  was  eloquently  demonstrated  when  ortho¬ 
static  intolerance  and  the  underlying  hemodynam¬ 
ics  associated  with  reduced  blood  volume  resulting 
from  16  days  of  bed  rest  were  eliminated  in  subjects 
who  performed  a  single  bout  of  exercise  designed  to 
elicit  maximal  effort  within  24  hours  before  ream¬ 
bulation.24’41 

Another  adverse  effect  on  the  clinical  function  of  pa¬ 
tients  who  have  been  restricted  to  the  bed  rest  inac¬ 
tivity  is  a  10%  to  20%  reduction  in  their  V02max.14 
Despite  an  elevated  maximal  heart  rate,  V02max  is 
reduced  primarily  from  decreased  maximal  stroke 
volume.  An  elevated  ejection  fraction  during  exer¬ 
cise  despite  lowered  cardiac  filling  suggests  that 
lower  stroke  volume  results  from  lower  circulating 
blood  volume  and  decreased  venous  return  rather 
than  ventricular  dysfunction  (ie,  Frank-Starling  re¬ 
lation)  after  bed  rest  inactivity.  The  importance  of  a 
Frank-Starling  effect  caused  by  increased  circulat¬ 
ing  blood  volume  was  eloquently  demonstrated  by 
the  experiments  of  Coyle  and  coworkers,13  who  re¬ 
duced  blood  volume  in  previously  trained  subjects  by 
terminating  their  physical  activity  (detraining). 
They  observed  that  the  10%  reduction  in  circulating 
blood  volume  after  10  days  of  inactivity  was  associated 
with  a  12%  reduction  in  maximal  stroke  volume  and 
6%  lower  V02max.  More  importantly,  a  direct  causal 


Figure  6.  Diagrammatic  summary  of  mechanisms  and  physio¬ 
logical  functions  associated  with  alterations  in  circulating  blood 
volume  induced  by  physical  activity  (black  arrows)  and  inactivity 
(red  arrows). 


effect  was  demonstrated  when  acute  restoration  of 
blood  volume  (infusion)  resulted  in  the  complete  res¬ 
toration  of  maximal  stroke  volume  and  V02max. 

Overview  of  Blood  Volume  to  Physical  Activity 
and  Inactivity 

Figure  6  represents  a  diagrammatic  summary  of  the 
cascade  of  events  that  reflect  the  current  knowledge  of 
mechanisms  and  physiological  advantages  and  disad¬ 
vantages  associated  with  alterations  in  circulating 
blood  volume  induced  by  physical  activity  and  inactiv¬ 
ity.  With  increased  physical  activity,  an  acute  reduc¬ 
tion  in  body  water  as  a  result  of  sweating  stimulates 
thirst  to  allow  oral  replacement  of  fluids  during  recov¬ 
ery  from  exercise.  Simultaneous  activation  of  the  re¬ 
nin-angiotensin-aldosterone  mechanism  increases  re¬ 
nal  tubular  sodium  reabsorption  and  subsequently 
reduces  renal  excretion  of  urine  and  electrolytes  de¬ 
spite  unaltered  glomerular  filtration  of  water  and  so¬ 
dium.  The  combination  of  an  increased  water  intake 
together  with  reduced  renal  excretion  of  water  and 
electrolytes  during  the  hours  of  recovery  from  each 
bout  of  physical  activity  results  in  a  net  body  fluid 
expansion.  Physical  activity  also  activates  de  novo 
protein  synthesis  to  increase  total  circulating  proteins, 
which  in  turn  elevate  the  oncotic  pressure  across  cap¬ 
illary  membranes  to  selectively  compartmentalize 
fluid  within  the  vascular  space.  With  the  added  effect 
of  increased  vascular  oncotic  force  due  to  circulating 
proteins,  a  greater  proportion  of  the  total  body  water 
expansion  is  distributed  in  the  vascular  space,  thus 
increasing  plasma  and  blood  volume.  In  addition, 
there  appears  to  be  a  stimulus  for  increased  red  cell 
mass,  although  this  is  less  clear.  The  increase  in  total 
blood  volume  then  increases  the  ability  to  maintain  a 
high  stroke  volume  and  a  lower  heart  rate  for  cardio- 
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vascular  stability  and  to  enhance  heat  dissipation 
(thermal  stability)  by  increasing  the  amount  of  water 
available  for  sweating  and  the  amount  of  blood  flow  to 
the  skin.  The  net  result  is  a  protection  against  the 
health  risks  associated  with  cardiovascular  and  ther¬ 
mal  stress  during  physical  activity,  particularly  impor¬ 
tant  in  elderly  populations. 

Clinical  Relevance  of  Physical  Activity,  Inactivity, 
and  Blood  Volume 

In  a  recent  investigation,  a  multiple  regression  model 
was  constructed  based  on  age,  several  anthropomet¬ 
ric  measurements,  andV02max  of  107  subjects  to 
test  the  hypothesis  that  blood  volume  could  be  pre¬ 
dicted  from  characteristics  associated  with  fitness 
and  physical  activity.5  Results  from  the  evaluation 
of  the  full  model  indicated  that  the  most  parsimoni¬ 
ous  result  was  obtained  when  age  and  V02max  were 
regressed  on  blood  volume  expressed  per  kilogram  of 
body  weight  (BV/kg).  Both  age  and  V02max  were 
related  to  blood  volume  in  the  positive  direction. 
These  findings  have  particular  implications  for  the 
effect  of  physical  activity  and  fitness  on  aging.  The 
model  indicates  that  blood  volume  actually  in¬ 
creases  with  age  but  that  this  relation  may  be 
masked  by  a  sedentary  “Western”  life  style  that  can 
often  accompany  the  aging  process.  This  relation  is 
further  supported  by  the  observations  that  blood 
volume  can  be  increased  with  regular  physical  ac¬ 
tivity  in  elderly  individuals  to  the  same  relative 
degree  compared  with  younger  people42  and  that 
reduction  in  blood  volume  associated  with  aging  in 
sedentary  subjects  was  removed  in  physically  active 
subjects.43  The  contraction  of  blood  volume  may  be 
associated  with  adverse  effects  on  risk  factors  for  car¬ 
diovascular  disease  such  as  elevated  low-density  li¬ 
poprotein  cholesterol,  increased  whole  blood  viscosity, 
and  stimulation  of  sympathetic  nervous  activity.44  In 
turn,  sympathetic  hyperactivity  is  typically  reported 
in  patients  with  essential  hypertension  and  chronic 
renal  failure  and  is  associated  with  poor  prognosis 
and  increased  risk  of  sudden  death.45  The  relations 
between  blood  volume,  sympathetic  activity,  and  pro¬ 
gressive  cardiovascular  disease  may  reflect  a  protec¬ 
tive  nature  of  increased  blood  volume  against  develop¬ 
ment  of  coronary  heart  disease  with  aging.  If  it  is  true 
that  blood  volume  increases  with  age  when  a  seden¬ 
tary  lifestyle  has  been  removed,43  then  perhaps  a  sed¬ 
entary  lifestyle  is  actually  acting  to  remove  a  natural 
coronary  heart  disease  protective  factor.  For  example, 
if  less  viscous  circulating  blood  or  sympathetic  activity 
results  from  increasing  blood  volume  with  regular 
physical  activity  during  the  aging  process,  then  vari¬ 
ous  risk  factors  associated  with  coronary  heart  disease 
such  as  platelet  aggregation,  arterial  thrombosis,  or 
cardiac  arrhythmias  are  less  likely  to  occur.  The  liter¬ 
ature  supports  the  observation  that  in  the  Western 


world,  blood  volume  decreases  with  age.43-46-49  How¬ 
ever,  this  model  developed  from  a  robust  data  base 
provides  compelling  evidence  that  reduced  blood  vol¬ 
ume  with  age  may  be  a  result  of  a  sedentary,  high 
caloric  lifestyle  rather  than  the  aging  process.  There¬ 
fore,  perhaps  one  of  many  important  benefits  of  main¬ 
taining  physical  activity  and  fitness  during  aging  is 
the  resultant  expansion  of  plasma  and  blood  volume 
that  provides  a  protective  effect  against  development 
of  cardiovascular  disease. 

References 

1.  Kjellberg  SR,  Rudhe  U,  Sjostrand  T.  Increase  of  the 
amount  of  hemoglobin  and  blood  volume  in  connection  with 
physical  training.  Acta  Physiol  Scand  1949;19:146-51. 

2.  Brotherhood  J,  Brozovic  B,  Pugh  LGCE.  Hematological 
status  of  middle-  and  long  distance  runners.  Clin  Sci  Mol  Med 
1975;48:139-45. 

3.  Dill  DB,  Braithwaite  K,  Adams  WC,  et  al.  Blood  volume  of 
middle-distance  runners:  effect  of  2,300-m  altitude  and  com¬ 
parison  with  non-athletes.  Med  Sci  Sports  1974;6:1-7. 

4.  Convertino  VA.  Blood  volume:  its  adaptation  to  endurance 
training.  Med  Sci  Sports  Exerc  1991;23:1338-48. 

5.  Convertino  VA,  Ludwig  DA.  Validity  ofV02max  in  predict¬ 
ing  blood  volume:  implications  for  the  effect  of  fitness  on 
aging.  Am  J  Physiol  2000;279:R1068-75. 

6.  Mack  GW,  Shi  X,  Nose  H,  et  al.  Diminished  baroreflex 
control  of  forearm  vascular  resistance  in  physically  fit  hu¬ 
mans.  J  Appl  Physiol  1987;63:105-10. 

7.  Sawka  MN,  Convertino  VA,  Eichner  ER,  et  al.  Blood 
volume:  importance  and  adaptations  to  exercise  training, 
environmental  stresses,  and  trauma/sickness.  Med  Sci  Sports 
Exerc  2000;32:332-48. 

8.  Gillen  CM,  Lee  R,  Mack  GW,  et  al.  Plasma  volume  expan¬ 
sion  in  humans  after  a  single  intense  exercise  protocol.  J  Appl 
Physiol  1991;71:1914-20. 

9.  Green  HJ,  Thomson  JA,  Ball  ME,  et  al.  Alterations  in 
blood  volume  following  short-term  supramaximal  exercise. 
J  Appl  Physiol  1984;56:145-9. 

10.  Pugh  LGCE.  Blood  volume  changes  in  outdoor  exercises  of 
8-10  hour  duration.  J  Physiol  Lond  1969;200:345-51. 

11.  Mancini  DM,  Katz  SD,  Lang  CC,  et  al.  Effect  of  erythro¬ 
poietin  on  exercise  capacity  in  patients  with  moderate  to 
severe  chronic  heart  failure.  Circulation  2003;107:294-9. 

12.  Branch  JD,  Pate  RR,  Bourque  SP,  et  al.  Exercise  training 
and  intensity  does  not  alter  vascular  volume  responses  in 
women.  Aviat  Space  Environ  Med  1999;70:1070-6. 

13.  Coyle  EF,  Hemmert  MK,  Coggan  AR.  Effects  of  detraining 
on  cardiovascular  responses  to  exercise:  role  of  blood  volume. 
J  Appl  Physiol  1986;60:95-9. 

14.  Convertino  VA.  Cardiovascular  consequences  of  bedrest: 
effects  on  maximal  oxygen  uptake.  Med  Sci  Sports  Exerc 
1997;29:191-6. 

15.  Greenleaf  JE,  Bernauer  EM,  Ertl  AC,  et  al.  Work  capac¬ 
ity  during  30-days  of  bed  rest  with  isotonic  and  isokinetic 
exercise  training.  J  Appl  Physiol  1989;67:1820-6. 

16.  Convertino  VA,  Keil  LC,  Bernauer  EM,  et  al.  Plasma 
volume,  osmolality,  vasopressin,  and  renin  activity  during 
graded  exercise  in  man.  J  Appl  Physiol  1981;50:123-8. 

17.  Wade  CE.  Response,  regulation,  and  action  of  vasopressin 
during  exercise:  a  review.  Med  Sci  Sports  Exerc  1981;16: 
506-11. 


78 


July  2007  Volume  334  Number  1 


Blood  Volume  and  Physical  Activity 


18.  Luetkemeier  MJ,  Flowers  KM,  Lamb  DR.  Spironolactone 
administration  and  training-induced  hypervolemia.  Int 
J  Sports  Med  1994;15:295-300. 

19.  Kirby  CR,  Convertino  VA.  Plasma  aldosterone  and  sweat 
sodium  concentrations  after  exercise  and  heat  acclimation. 
J  Appl  Physiol  1986;61:967-70. 

20.  Convertino  VA,  Greenleaf  JE,  Bernauer  EM.  Role  of 
thermal  and  exercise  factors  in  the  mechanism  of  hypervol¬ 
emia.  J  Appl  Physiol  1980;48:657-64. 

21.  Convertino  VA,  Brock  PJ,  Keil  LC,  et  al.  Exercise  train¬ 
ing-induced  hypervolemia:  role  of  plasma  albumin,  renin,  and 
vasopressin.  J  Appl  Physiol  1980;48:665-9. 

22.  Convertino  VA.  Baroreflex-mediated  heart  rate  and  vascu¬ 
lar  responses  24  h  after  maximal  exercise.  Med  Sci  Sports 
Exerc  2003;35:970-7. 

23.  Convertino  VA.  Clinical  aspects  of  the  control  of  plasma 
volume  at  microgravity  and  during  return  to  one  gravity. 
Med  Sci  Sports  Exerc  1996;28:S45-52. 

24.  Convertino  VA,  Engelke  KA,  Ludwig  DA,  et  al.  Restora¬ 
tion  of  plasma  volume  after  16  days  of  head-down  tilt  induced 
by  a  single  bout  of  maximal  exercise.  Am  J  Physiol  1996;270: 
R3-10. 

25.  Convertino  VA,  Luetkemeier  MJ,  Elliot  JJ,  et  al.  Renal 
responsiveness  to  aldosterone  during  exposure  to  simulated 
microgravity.  J  Appl  Physiol  2000;89:1737-43. 

26.  Convertino  VA,  Ludwig  DA,  Elliot  JJ,  et  al.  Evidence  for 
central  venous  pressure  resetting  during  initial  exposure  to 
simulated  microgravity.  Am  J  Physiol  2001;281:R2021-8. 

27.  Convertino  VA,  Doerr  DF,  Ludwig  DA,  et  al.  Effect  of 
simulated  microgravity  on  cardiopulmonary  baroreflex  con¬ 
trol  of  forearm  vascular  resistance.  Am  J  Physiol  1994;266: 
R1962-9. 

28.  Greenleaf  JE,  Castle  BL.  Exercise  temperature  regulation 
in  man  during  hypohydration  and  hyperhydration.  J  Appl 
Physiol  1971;30:847-53. 

29.  Sawka  MN,  Young  AJ,  Francesconi  RP,  et  al.  Thermo¬ 
regulatory  and  blood  responses  during  exercise  at  graded 
hypohydration  levels.  J  Appl  Physiol  1985;59:1394-401. 

30.  Nadel  ER,  Fortney  SM,  Wenger  CB.  Effect  of  hydration 
state  on  circulatory  and  thermal  regulations.  J  Appl  Physiol 
1980;49:715-21. 

31.  Deschamps  A,  Levy  RD,  Cosio  MG,  et  al.  Effect  of  saline 
infusion  on  body  temperature  and  endurance  during  heavy 
exercise.  J  Appl  Physiol  1989;66:2799-804. 

32.  Fortney  SM,  Vroman  NB,  Beckett  WS,  et  al.  Effect  of 
exercise  hemoconcentration  and  hyperosmolality  on  exercise 
responses.  J  Appl  Physiol  1988;65:519-24. 

33.  Fortney  SM,  Nadel  ER,  Wenger  CB,  et  al.  Effect  of  acute 
alterations  of  blood  volume  on  circulatory  performance  in 
humans.  J  Appl  Physiol  1981;50:292-8. 


34.  Sawka  MN,  Hubbard  RW,  Francesconi  RP,  et  al.  Effect  of 
acute  plasma  volume  expansion  on  altering  exercise-heat  per¬ 
formance.  Eur  J  Appl  Physiol  Occup  Physiol  1983;51:303-12. 

35.  Nadel  ER,  Pandolf  KB,  Roberts  MF,  et  al.  Mechanisms  of 
thermal  acclimation  to  exercise  and  heat.  J  Appl  Physiol 
1974;37:515-20. 

36.  Convertino  VA.  Heart  rate  and  sweat  rate  responses  asso¬ 
ciated  with  exercise-induced  hypervolemia.  Med  Sci  Sports 
Exerc  1983;15:77-82. 

37.  Green  HJ,  Jones  LL,  Painter  DC.  Effects  of  short-term 
training  on  cardiac  function  during  prolonged  exercise.  Med 
Sci  Sports  Exerc  1990;22:488-93. 

38.  Hopper  MK,  Coggan  AR,  Coyle  EF.  Exercise  stroke  vol¬ 
ume  relative  to  plasma-volume  expansion.  J  Appl  Physiol 
1988;64:404-8. 

39.  Fortney  SM,  Wenger  CB,  Bove  JR,  et  al.  Effect  of  blood 
volume  on  forearm  venous  and  cardiac  stroke  volume  during 
exercise.  J  Appl  Physiol  1983;55:884-90. 

40.  Greenleaf  JE,  Reese  RD.  Exercise  thermoregulation  after 
14  days  of  bed  rest.  J  Appl  Physiol  1980;48:72-8. 

41.  Engelke  KA,  Doerr  DF,  Convertino  VA.  Application  of 
acute  maximal  exercise  to  protect  orthostatic  tolerance  after 
simulated  microgravity.  Am  J  Physiol  1996;271:R837^7. 

42.  Carroll  JF,  Convertino  VA,  Wood  CE,  et  al.  Effect  of 
training  on  blood  volume  and  plasma  hormone  concentra¬ 
tions  in  the  elderly.  Med  Sci  Sports  Exerc  1995;27: 
79-84. 

43.  Jones  PP,  Davy  KP,  DeSouza  CA,  et  al.  Absence  of  age- 
related  decline  in  total  blood  volume  in  physically  active 
females.  Am  J  Physiol  1997;272:H2534-40. 

44.  Stevenson  ET,  Davy  KP,  Seals  DR.  Maximal  aerobic  ca¬ 
pacity  and  total  blood  volume  in  highly  trained  middle-aged 
and  older  female  endurance  athletes.  J  Appl  Physiol  1994;77: 
1691-6. 

45.  Ligtenberg  G,  Blankestijn  PJ,  Oey  PL,  et  al.  Reduction  of 
sympathetic  hyperactivity  by  enalapril  in  patients  with 
chronic  renal  failure.  N  Engl  J  Med  1999;340:1321-8. 

46.  Chien  S,  Usami  S,  Simmons  RL,  et  al.  Blood  volume  and 
age:  repeated  measurements  on  normal  men  after  17  years. 
J  Appl  Physiol  1966;21:583-8. 

47.  Davy  KP,  Seals  DR.  Total  blood  volume  in  healthy  young 
and  older  men.  J  Appl  Physiol  1994;76:2059-62. 

48.  Gibson  JG,  Evans  WA.  Clinical  studies  of  the  blood 
volume,  II:  the  relation  of  plasma  and  total  blood  volume  to 
venous  pressure,  blood  velocity  rate,  physical  measure¬ 
ments,  age  and  sex  in  ninety  normal  humans.  J  Clin  Invest 
1937;16:317-28. 

49.  Shoemaker  JK,  Green  HJ,  Coates  J,  et  al.  Failure  of 
prolonged  exercise  training  to  increase  red  cell  mass  in  hu¬ 
mans.  Am  J  Physiol  1996;270:H121-6. 


THE  AMERICAN  JOURNAL  OF  THE  MEDICAL  SCIENCES 


79 


